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Abstract—A self-started, switchable dual-wavelength all-
polarization-maintaining (PM) mode-locked (ML) fiber laser for 
optical parametric generation (OPG) in photonic crystal fiber 
(PCF) applied to CARS (Coherent anti-Stokes Raman scattering) 
microscopy is reported in this article.  The complete laser setup is 
built in an all-fiber structure composed of commercial elements. 
It is based on a linear cavity with an active medium, namely 
Ytterbium doped fiber (YDF), a pair of fiber Bragg gratings 
(FBG) as switchable partial mirrors between 1031.5 nm and 
1049.7 nm and a semiconductor saturable absorber mirror 
(SESAM) functioning also as the mode-locking device. The seed 
laser is amplified to 650 mW average power by two Yb doped-
fiber amplifiers (YDFA). The source delivers a pulse-train output 
of 30.9 ps at 1031.5 ps and 31.6 ps at 1049.7, a 3.1 MHz repetition 
rate, and over 200 nJ pulse energy and 6 kW of peak power at 
fundamental mode-locked operation. The properties of this 
switchable dual-wavelength source ensures the correct OPG by 
degenerated four-wave mixing (DFWM) in PCF fulfilling the 
phase matching condition which corresponds to CARS resonance 
of 2850 𝒄𝒎−𝟏 (CH3-O molecular bonds) at 1031.5 nm and 1475 
𝒄𝒎−𝟏 (CH2 δ molecular bonds) at 1049.7 nm. 
 
Index Terms—Optical fiber lasers, Mode locked lasers, Laser 




VER the past few years, switchable and wavelength-
tunable passively mode-locked fiber lasers have attracted 
a lot of interest because of their versatile applications in 
fiber sensing, materials processing and micromachining, as 
well as optical signal communications, spectroscopy and 
biomedical applications [1-8]. These kind of fiber lasers have 
been developed and experimentally demonstrated offering 
many advantages with respect to solid-state lasers because of 
their high environmental stability, low cost, good beam 
quality, compact design, robustness and heat dissipation 
management [1, 9-13]. Generally, passive mode-locking fiber 
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lasers have been achieved via different types of techniques 
including nonlinear polarization rotation (NPR), nonlinear 
optical loop mirror (NOLM), graphene layering, carbon 
nanotube saturable absorbers (CNT) and semiconductor 
saturable absorber mirrors (SESAM) [14-21]. Among all the 
saturable absorbers (SAs), SESAMs have become an ideal 
option because of their technological maturity and commercial 
availability [22]. Furthermore, the development of SESAM 
devices has expanded the applicability in the industry of lasers 
due to its reliable design and flexibility [23], allowing easy-
handle self-starting passive mode-locking by properly 
choosing the cavity design and controlling the growth 
parameters of the SESAM semiconductor material [24]. In 
particular, the advances in ytterbium-doped ultrafast fiber 
lasers with SESAM technology  have demonstrated that Yb-
doped fibers are the best option as the gain medium for 
generation and amplification of SESAM-based mode-locking 
ultrashort pulses around 1µm wavelength range [25, 26] as a 
consequence of  its broad absorption and emission bandwidth, 
large saturation fluences and high optical conversion 
efficiencies [27-31]. 
All-fiber passive mode-locking systems are a popular pulse 
formation mechanism to achieve switchable and tunable 
wavelength lasers due to their low losses and cost-efficiency 
[32]. This type of fiber laser has been widely investigated with 
the aforementioned methods, i.e. NPR [33], NOLM [34], CNT 
[35]and SESAM [36]. However, the NPR-based and NOLM-
based mode locked fiber lasers are polarization-sensitive as 
well as intensity-dependent, which implies a complicated 
adjustment in an all-fiber structure [37, 38]. SESAM 
technology has been used in many tunable-wavelength pulsed 
fiber lasers [24, 39] due to the inherent benefits of polarization 
insensitivity, being the main commercial option as the ML 
device in this kind of sources. Additionally, FBGs are key 
elements in wavelength selection through spectral filtering 
effects, and play an important role [40] in the achievement of 
tunable and switchable wavelength ML fiber lasers due to 
their capability of being tunable by applying strain [41] and 
temperature variations [42] and additional advantages such as 
ease of handling, low losses, free-alignment and fiber 
compatibility [43, 44]. Furthermore, the inclusion of FBGs in 
the all-fiber laser structure stabilizes mode-locking and limits 
pulse duration to the picosecond range in the fundamental ML 
operation because of its relatively narrow reflection 
bandwidth. This is beneficial for CARS microscopy 
applications because pulse duration control in the tens-of-
picoseconds range allows for a good compromise between the 
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required high peak power and the adequate spectral resolution 
[8, 45]. Moreover, it has been probed that DFWM in 
commercial endlessly single-mode PCF allows for high 
conversion efficiencies, generating new frequencies with high 
spectral densities [46] and ensuring the necessary mode 
overlap of the generated signals even if they are spectrally 
widely separated. Hence, the temporal overlapping needs to be 
controlled to ensure a high resolution without experimental 
difficulties, since the use of sub-ps or 1-2 ps pulses only 
results in moderate resolution [47] requiring delay lines to 
control any lack of temporal overlapping. In addition, the 
achievement of pulse trains in the tens-of-picoseconds range 
reduces spectral broadening due to self-phase modulation 
(SPM) of the driving pulses, allowing narrow bandwidth 
signal generation in the nonlinear frequency conversion 
process. 
In the present paper, a new experimental implementation of 
a compact all-fiber, free-alignment, self-started picosecond 
switchable dual-wavelength ML laser source has been 
demonstrated. The complete setup is built out of PM 
commercial fiber components making a cost-efficient and 
environmentally-stable structure. The picosecond master 
oscillator delivers a train of pulses with low MHz repetition 
rate and is based on Yb-doped fiber, two FBGs connected in 
parallel as the switchable wavelength device in the extreme of 
the cavity and a fiber-coupled SESAM as the ML device 
(saturable absorber mirror). The compactness of the system 
mainly relies in the construction of the Yb-doped fiber 
amplifiers with PM single-mode fiber components, due to the 
reduced average power requirements caused by the low MHz 
repetition rate and picosecond pulse duration. The 
experimental results show a switchable dual-wavelength 
output laser between 1031.5 nm and 1049.7 nm, with 0.72 nm 
and 0.69 nm of 3-dB bandwidth respectively owing to the 
SPM spectral broadening. The output pulses are 30.9 ps at 
1031.5 ps and 31.6 ps at 1049.7, with a 3.1 MHz repetition 
rate, over 200 nJ pulse energy and 6 kW peak power. This 
switchable dual-wavelength laser structure is well suited to 
drive the FWM in PCF generating the signals at a frequency 
difference matching the CARS resonance around 2850 𝑐𝑚−1 
(CH3-O molecular bonds) and around 1475 𝑐𝑚−1 (CH2 δ 
molecular bonds). 
 
II. EXPERIMENTAL SETUP AND PRINCIPLE 
 
   The configuration of the proposed switchable dual-
wavelength ML fiber laser is shown schematically in Fig. 1. 
The system is based on a passively ML oscillator, which is 
amplified by a two-stage YDF amplifier. The design of the 
master oscillator is a linear cavity composed of two FBGs in 
parallel connection through a 50:50 optical coupler, a 1 meter-
long Yb-doped fiber (Nufern PM-YSF-LO) as the gain 
medium, a delay-line of 25 meters of PM fiber (Nufern 
980XP), an in-line polarizer and a SESAM (Batop GmbH) 
which is butt-coupled and has an absorptance of 40%, a 
modulation depth of 29%, a saturation fluence of 90 µ𝐽/𝑐𝑚2, 
a non-saturable loss of 11% and a relaxation time of 9 ps. The 
FBGs are placed on a Peltier and have a center wavelength at 
1031.5 nm and 1049.7 nm, a bandwidth of 0.31 nm and 0.29 
nm, and a reflectivity of 89% and 92% respectively. The fibers  
 Fig.1 Schematic diagram of the experimental setup. 
 
between the 50:50 coupler and the FBGs has been looped 
around two tubular mounts functioning as variable optical 
attenuators (VOA) by fixing single mode fibers to micrometric 
screws [48]. This simple method allows for an adjustment of 
the losses changing the curvature radius of the fibers, while 
avoiding insertion losses [49]. A 90:10 optical coupler has 
been used to provide a laser output through the 10% port while 
the 90% port is engaged to feedback into the linear cavity. The 
Yd-doped fiber is pumped by a 976 nm laser diode (LD) of 
750 mW optical power which is coupled to a 90:10 optical 
coupler delivering the 10% of the input power to the master 
oscillator via a 976/1030 wavelength division multiplexer 
(WDM). The oscillator output is connected to an isolator 
before the two stage fiber amplifier, to suppress possible back 
reflections protecting the oscillator and the ML operation. The 
first amplifier stage is based on a 1.2 meters-long Yb-doped 
fiber (Nufern PM-YSF-HI) and is pumped by the 90% of the 
LD input power which is engaged to the coupler as is depicted 
in Fig.1. A 99:1 fiber coupler is introduced in the stage to 
monitor and control the behavior of the source through the 1% 
port. The second amplifier stage is composed of a 40 cm-long 
double-clad Yb-doped fiber (Liekki Yb1200-6/125DC-PM) 
pumped through the core with the overall power given by a 
750 mW 976 nm LD. Both stages are connected through a 
fiber isolator. The OPG based on DFWM is performed on a 
1.6 meters-long PCF (LMA-5-PM NKT Photonics). An 
optical spectrum analyzer (Yokogawa AQ6373B) with a 0.02 
nm resolution, an oscilloscope (Tektronix TBS1052B), an 
auto-correlator (Femtochrome FR-103XL) and a 1GHz photo-
receiver (Thorlabs DET02AFC) have been used for spectral 
and temporal analysis of the source. An electric spectrum 
analyzer (R&S FPS) and a power meter (ThorlabsPM100D) 
have been utilized to obtain the RF spectrum of the source and 
the laser output power. 
   The experimental setup depicted in Fig.1 allows ML-based 
pulse formation through forward core-pumping of the YDF in 
the master oscillator linear cavity. The pair of switchable 
FBGs determines the wavelength emission of the source and 
each one is selected adjusting in-fiber losses through custom-
built VOAs. The FBG is used to stabilize ML operation and to 
generate spectrally narrow pulses which is a must in order to 
match the requirements of the FWM process and, hence, 
CARS resonance. The in-line polarizer selects the slow-axis 
polarization suppressing the optical field polarized along the 
fast axis, ensuring an environmentally-stable operation regime 
against the interaction of polarized transversal modes. 
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Fig.2 Hysteresis cycle of the ML operation regime at 1031.5 nm 
wavelength emission. 
 
   The self-started ML operation is easily obtained at lower 
pump power due to the cavity configuration and the election 
of the SESAM parameters. Moreover, the wavelength 
emission tunability of the ML laser source is achieved through 
the application of controlled temperature of the FBG with a 
Peltier device [50]. In this manner, the switchable-wavelength 
emission of the pulsed fiber laser is precisely adjusted by 
matching the required FWM conditions of CARS CH-
stretching vibration around 2850 𝑐𝑚−1 (CH3-O molecular 
bonds) and 1475 𝑐𝑚−1 (CH2 δ molecular bonds), and 
maintaining the temporal characteristics despite any existing 
spectral shift. In addition, amplification of the pulsed laser 
oscillator through the two YDF amplification stages leads to 
an adequate average optical power, which in combination of a 
low MHz repetition rate and picosecond-range pulse duration, 
makes the system able to reach the necessary peak power to 
drive the mentioned FWM process in PCF. 
 
III. RESULTS AND DISCUSSION. 
 
In this experimental setup, the self-started ML operation is 
achieved when pump power exceeds the threshold of 31 mW 
and 32.8 mW at 1031.5 nm and 1049.7 nm wavelengths 
respectively. The use of a wide-spectral range SESAM with 
flattened reflection and the operation range of the utilized 
commercial wavelength-sensitive components allows for 
switchable-wavelength emission selection with a difference of 
20 nm without considerable increment of the pump power. 
Fig. 2 shows the hysteresis cycle of the 1031.5 nm laser as a 
function of pump power. As it can be seen, the self-starting 
threshold initiates the ML operation in multiple-pulse regime. 
For this reason, once the ML state has been initiated, pump 
power has to be decreased to work in the single-pulse regime 
and thus, in the optimal operating range shown in Fig.2. The 
stable ML regime of the seed laser operating at 1031.5 nm 
delivers a pulse train of 32.2 to 37.5 ps, depending on the 
pump level. At a launched pump power of 28.5 mW, the 
oscillator generates pulses with an average power of 1.85 mW, 
a slope efficiency of 6.4%, a duration of 32.2 ps, a spectral 
width of 0.19 nm, a pulse energy of 0.53 nJ and a repetition 
rate of 3.112 MHz as is depicted in Fig. 3. Fig .4 shows the 
produced pulses at 1049.7 nm with a pump power of 30.2 
mW, yielding 33.1 ps pulse duration, 0.17 nm spectral width, 
0.49 nJ pulse energy, a repetition rate of 3.167 MHz and an 
output power of 1.6 mW. The negligible difference between 
both repetition rates lies on the variation of the fiber longitude 
of the FBGs and the coupler ports. The total cavity length is 
estimated over 33 meters long, with a 28 m delay line of PM-
980 fiber to fix the repetition rate. 
    
Fig.3 a) Optical spectrum, b) auto-correlation trace, c) temporal trace and d) RF spectrum of the 1031.5 nm ML fiber laser. 
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Fig.4 a) Optical spectrum, b) auto-correlation trace, c) temporal trace and d) RF spectrum of the 1049.7 nm ML fiber laser. 
 
   The signal-to-noise ratio (SNR) of the RF spectrum shown 
in Fig. 3d) and Fig. 4d) is nearly 60 dB, which indicates a 
high mode-locking stability in both wavelengths laser 
emission. The stability study of the oscillator in both 
wavelength emissions shows a standard deviation below the 
1.5%.  
   The seed laser is launched into a two-stage YDF 
amplification configuration. The pre-amp stage uses 1.2 m of 
active fiber with a pump absorption of 250 dB/m and is 
pumped with the 90% output port of the 976 nm LD used to 
generate the pulses in the oscillator. The total optical power 
pumped in the pre-amp is 515 mW, delivering a seed with an 
output power of ∿60 mW (there are barely variations 
depending on the selected wavelength emission due to the gain 
profile of the YDF). The pre-amplified seed is launched into a 
0.45 m main amplification fiber with a pump absorption of 
1200 dB/m which is pumped with the overall power of a 750 
mW 976 nm LD. After the main amplification stage, a pulse 
train with an average power of 650 mW is obtained, resulting 
in a peak power of up to 6 kW. This laser structure has a high 
slope efficiency of ∿43% which in turn implies a very good 
cost-efficiency ratio. The output spectra and the pulse width of 
the 1031.5 nm amplified seed laser in each amp-stage (pre-
amplification and main amplification) is given in Fig 5. The 
temporal pulse width of the laser source remains almost 
constant (Fig.5b). Measured auto-correlation traces after the 
amplification stages yield a pulse duration of 30.9 ps and 31.6 
ps at 1031.5 nm and 1049.7 nm respectively, which barely 
differs from the ones measured at the oscillator output. 
However, pulses are spectrally broadened by nonlinear SPM 
effect due to the high peak power reached through the YDF 
amplifiers, showing significant SPM lateral structures depicted 
in Fig5a). The spectrum after the YDF amplifiers is broadened 
to 0.72 at 1031.5 nm and 0.69 nm at 1049.7 nm.  
    
 
 Fig.5 a) Optical spectrum and b) pulse duration of the 1031.5 nm amplified 
ML seed laser. 
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Fig.6. Output power variations of both wavelength laser emission. 
 
Additionally, an average output power stability study of the 
laser has been illustrated in Fig.6. The study has been 
performed with a confidence level (CL) of 100% and over 
20000 samples for each wavelength emission (3.5 hour-long 
measurements). In this stability studio, the overall standard 
deviation across wavelengths has been utilized to analyze 
output variations of the laser showing a value of 0.12% and 
0.23% with an average power of 653 mW and 648 mW at 
1031.5 nm and 1049.7 nm respectively. These experimental 
results grant very high stability with negligible power 
variations, which is ideal to perform OPG in PCF. 
To drive this nonlinear process, simulations of PCFs based 
on FEM [51, 52] and numerical simulations of the FWM 
process based on [53] have been performed.  As a result of 
these simulations, a commercially available PCF has been 
selected for this purpose. The fiber is a cost-effective 
endlessly single mode PCF developed by NKT Photonics 
named LMA-5 PM. This fiber has air holes in a hexagonal 
structure composed by 4 rings, with a pitch of 3.2 µm and an 
air hole diameter of 1.5 µm and is depicted in Fig. 7a). The 
mentioned PCF has the appropriate dispersion parameter to 
fulfill the requirements for FWM signal generation. Fig 7a) 
illustrates the FWM phase-matching diagram of signal 
generation in blue (anti-Stokes component) and the FWM 
frequency shift from respect to pump in red.  Accordingly, the 
desired frequency difference between the FWM signal and the 
pump are obtained matching the CARS resonances of 2850 
𝑐𝑚−1 (CH3-O molecular bonds) at 1031.5 nm and 1475 𝑐𝑚−1 
(CH2 δ molecular bonds) at 1049.7 nm (calculated for a peak 
power of 6 kW and plotted in the proper figure).  
In this experimental set-up, the fusion splice between the 
main YDF-based amplifier and the PCF is critical to obtain a 
good efficiency in the non-linear frequency conversion 
process. After previous alignment of the panda structure of 
both fibers, the optimized splice procedure keeps a very small 
collapse length of the PCF air holes and allows to obtain an 
experimental value of 73% coupling efficiency, which is an 
excellent ratio. The PCF output is 45º angled-cut and placed 
on a bare fiber terminator with a FC / PC connector to perform 
the spectral measurements. The auto-correlation traces and the 
output power measurements of each FWM component have 
been achieved using optical filters after collimation of the 
laser output beam. As seen in Fig. 7b), the OPG based on 
DFWM in the PCF LMA-5-PM has been achieved showing 
the output spectra when the laser is emitting at both 
wavelengths. The experimental results show a power 
difference of 11 dB between the pump component and the 
anti-Stokes signal generated, which are the CARS signals used 
to match the desired resonance frequencies. In this case, the 
generated anti-Stokes spectra are centered at 794 nm (1031.5 
nm pump wavelength) and 903 nm (1049.7 nm pump 
wavelength) matching the frequency separations of 2899 
𝑐𝑚−1 and 1550 𝑐𝑚−1 respectively. The 3-dB spectral width of 
the pump components has been broadened due to the high 
peak-power and the non-linear conversion effect to ̴1.3 nm and 
the anti-Stokes signal generated have a 3-dB spectral width of 
4 nm at 794 mn and 4.3 nm at 903 nm. The measured auto-
correlation traces of the pump (1031.5 nm) and anti-Stokes 
component (794 nm) after the frequency conversion in PCF 
are shown in Fig.9. The temporal measurements yield a pulse 
duration of 24.4 ps at 794 nm and 23.1 ps at 903 nm. In the 
worst case, the pulse duration of the signals ensures a good 
overlap for the CARS process, considering the temporary 
walk-off between pump and anti-Stokes signal in the PCF due 
to the mismatch caused by group-velocity (less than 0.1 
ps/cm). The power measurements at the end of the laser source 
output shows over 40 mW of FWM anti-Stokes signal at both 
pump wavelength. Owing to the needs of CARS imaging, the 
power level of tens of mW of the generated signals are more 
than enough for this application. Based on the experimental 
results, this alignment-free configuration ensures a very good 
temporal and spectral response of the CARS signals and high 
efficiency conversion, fulfilling the purpose of the laser source 
and making suitable to be applied on CARS microscopy as 
shown in [54]. 
 
Fig.7. a) FWM phase-matching diagram of the anti-Stokes signal generated 
and FWM frequency shift respect to the pump in LMA-5-PM calculated for a 
peak power of 6 kW and b) Experimental results of the OPG based on DFWM 
at both wavelengths in the PCF LMA-5-PM  
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Fig. 8. Auto-correlation traces of the FWM pump at 1031.5 nm and FWM 
anti-Stokes signal generated at 794 nm. 
 
In addition, to control a precise FWM signal generation, the 
master oscillator can be tuned at both wavelengths through 
temperature variation of the FBGs, achieved with the 
aforementioned Peltier device. The tunable range of the 
1031.5 nm oscillator emission is shown in Fig. 8). As it can be 
seen, temperature control allows for wavelength selection in a 
small range of 0.6 nm with a variation of 10 pm/ºC, which 
provides a precise adjustment to perfectly match FMW signal 
generation. In fact, this adjustment is crucial in order to obtain 
the maximum signal to noise ratio in CARS microscopy 




Fig 9. Tunable range of the ML master oscillator applying temperature on the 





   A self-started switchable dual-wavelength and low-cost ML 
fiber laser for optical parametric generation in PCF using only 
commercially available PM components has been presented. 
The proposed laser source has been demonstrated by 
combining conventional YDFA with a SESAM to generate 
mode-locking, and a pair of FBGs in parallel connection for 
wavelength selection. The herein described laser structure 
relies on a passively linear cavity oscillator with a low power 
threshold lees than 33 mW, as well as a repetition rate of 3.1 
MHz and pulse duration of 30.9 ps and 31.6 at 1031.5 nm and 
1049.7 nm respectively, which is directly amplified in a two-
stage YDFA reaching a peak power of more than 6 kW and a 
high slope-efficiency of 43%. The described characteristics of 
this all-fiber free-alignment system allows for OPG in PCF 
LMA-5-PM, generating a frequency difference between the 
FWM anti-Stokes signal generated and the pump, which 
matches CARS resonances of 2850 𝑐𝑚−1  and 1475 𝑐𝑚−1 for 
each pump wavelength emission. The generated anti-Stokes 
signals have a 3-dB spectral width of 4.1 nm and 4.6 nm at 
1031.5 nm and 1049.7 nm of pump wavelength respectively. 
The pulse duration of the generated signals (24.4 ps at 794 nm 
and 23.1 ps at 903 nm) ensures a good overlapping for the 
CARS process. The temperature variation of the FBGs 
through a Peltier device grants accurate wavelength selection 
of the laser source in a 0.6 nm tuning range, matching the 
required CARS resonance with high precision to obtain the 
best contrast imaging. This simple, compact and reliable 
structure is appealing for nonlinear applications, particularly 
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